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Abstract 19 
 20 
Background: There is an established U-shaped association between daily temperature and 21 
mortality. Temperature changes projected through the end of century are expected to lead to 22 
higher rates of heat-related mortality but also lower rates of cold-related mortality, such that the 23 
net change in temperature-related mortality will depend on location.  24 
 25 
Objectives: We quantified the change in heat-, cold-, and temperature-related mortality rates 26 
through the end of the century across 10 large US metropolitan areas. 27 
 28 
Methods: We applied location-specific projections of future temperature from over 40 29 
downscaled climate models to exposure-response functions relating daily temperature and 30 
mortality in 10 US metropolitan areas to estimate the change in temperature-related mortality 31 
rates in 2045–2055 and 2085–2095 compared to 1992-2002, under two greenhouse gas 32 
emissions scenarios (RCP 4.5 and 8.5). We further calculated the total number of deaths 33 
attributable to temperature in 1997, 2050, and 2090 in each metropolitan area, either assuming 34 
constant population or accounting for projected population growth.  35 
 36 
Results: In each of the 10 metropolitan areas, projected future temperatures were associated with 37 
lower rates of cold-related deaths and higher rates of heat-related deaths. Under the higher-38 
emission RCP 8.5 scenario, 8 of the 10 metropolitan areas are projected to experience a net 39 
increase in annual temperature-related deaths per million people by 2086-2095, ranging from a 40 
 3 
net increase of 627 (95% empirical confidence intervals [eCI]: 239, 1018) deaths per million in 41 
Los Angeles to a net decrease of 59 (95% eCI: -485, 314) deaths per million in Boston. Applying 42 
these projected temperature-related mortality rates to projected population size underscores the 43 
large public health burden of temperature.  44 
 45 
Conclusions: Increases in the heat-related death rate are projected to outweigh decreases in the 46 
cold-related death rate in 8 out of 10 cities studied under a high emissions scenario. Adhering to 47 
a lower emission scenario has the potential to substantially reduce future temperature-related 48 
mortality. 49 
 50 
Keywords: climate change, ambient temperature, health impacts, United States  51 
 4 
1) Introduction 52 
 53 
The relationship between ambient temperature and risk of death is well established and in 54 
evidence around the world (Gasparrini et al. 2015a, Guo et al. 2014, Hajat et al. 2014, Medina-55 
Ramon and Schwartz 2007). Specifically, there is an established U-shaped association between 56 
mean daily temperature and mortality, such that deviations from the temperature of minimum 57 
mortality (MMT) in either direction (i.e., hotter or colder) are associated with higher rates of 58 
mortality. The shape and magnitude of this U-shaped exposure-response function, as well as the 59 
MMT, vary considerably from location to location.  60 
 61 
Continued climate change is projected to lead to higher average ambient temperatures across 62 
most of the globe (IPCC 2013). Accordingly, several studies project substantial increases in heat-63 
related morbidity and mortality if today’s population were exposed to the higher temperatures 64 
projected through the end of the century, holding all other factors constant (Kingsley et al. 2016, 65 
Knowlton et al. 2007, Ostro et al. 2012, Peng et al. 2011). However, given the generally U-66 
shaped exposure-response function between daily temperature and mortality, changes in 67 
temperature projected through the end of century may simultaneously lead to lower rates of cold-68 
related mortality (Guo et al. 2016, Huynen and Martens 2015, Li et al. 2013, Vardoulakis et al. 69 
2014,). The relative magnitude of these changes, as well as the sign of the net change in 70 
temperature-related mortality under temperatures projected for the future, will depend on many 71 
factors that vary by location. Specifically, it is possible that expected increases in heat-related 72 
mortality will be offset, partially or entirely, by expected decreases in cold-related mortality in a 73 
manner that depends on: 1) the shape of the exposure-response function between daily 74 
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temperature and mortality, 2) the distribution of present-day daily temperatures, and 3) projected 75 
temperature changes going forward in each location.  76 
 77 
A few previous studies have considered the impact of temperature changes across the calendar 78 
year through the end of the century in various locations within the United States (US) (Li et al. 79 
2013, Mills et al. 2015, Schwartz et al. 2015). For example, Schwartz et al. (2015) estimated that 80 
most US regions would experience a net increase in temperature-related mortality due to 81 
projected temperature changes. Such analyses have also been carried out in the United Kingdom, 82 
Australia, Canada, and the Netherlands (Guo et al. 2016, Hajat et al. 2014, Huynen and Martens 83 
2015, Martin et al. 2012, Vardoulakis et al. 2014). However, building resilience against climatic 84 
effects (i.e., adaptation) depends on action by local policymakers and government officials, and 85 
prior studies have typically provided an incomplete description of the potential burden of 86 
mortality attributable to temperature changes needed for action at the local level.  For example, 87 
prior studies have typically relied on future temperature projections from one or a few climate 88 
models rather than the full set of coupled ocean-atmosphere circulation models comprising the 89 
Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al. 2012), the state-of-the-90 
art model ensemble used in the most recent Intergovernmental Panel on Climate Change (IPCC) 91 
assessment (IPCC 2013). Incorporating the full range of future temperature projections is 92 
important in order to better capture the uncertainty associated with these projections. 93 
Additionally, few studies have incorporated future population growth scenarios into projections 94 
of temperature-related mortality, potentially a key driver of the future public health burden of 95 
temperature-related deaths. Accordingly, with the goal of providing local municipalities with 96 
actionable evidence, we quantified the expected change in heat-related, cold-related, and total 97 
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temperature-related mortality rates per million people if the populations of 10 large US 98 
metropolitan areas were to experience the temperatures projected through the end of the century 99 
by the CMIP5 model ensemble under two representative concentrations pathways (RCPs), 100 
assuming all other factors are held constant. In addition, we estimated the total number of deaths 101 
attributable to temperature in 1997, 2050, and 2090, both assuming that population size remains 102 
constant and accounting for projected population growth.  103 
 104 
 105 
2) Materials and Methods 106 
 107 
2.1) Overview:  108 
 109 
We conducted this analysis in ten large US metropolitan areas: Atlanta, Boston, Chicago, Dallas, 110 
Houston, Los Angeles, Miami, New York, Philadelphia, and Washington, D.C. (see 111 
Supplemental Material, Table S1 for a list of counties included in each metropolitan area). In 112 
1997, the temporal midpoint of the baseline period used in our analysis, these metropolitan areas 113 
ranged in size from 2.2 million (Miami) to 11.9 million (Los Angeles), collectively 114 
encompassing 58.7 million people or 22% of the 1997 US population (U.S. Census Bureau 115 
2002). We carried out the analysis of these 10 metropolitan areas in three stages. First, we 116 
developed exposure-response curves describing the present-day (1985-2006) relationship 117 
between mean daily temperature and mortality in the major city around which each metropolitan 118 
area is defined. Second, we combined these exposure-response curves with projections of future 119 
temperatures to estimate the change in the temperature-related mortality rate per million people 120 
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in two future decades (2045-2055 and 2085-2095) in the metropolitan area around each city. 121 
Finally, we calculated the total number of deaths attributable to temperature in each metropolitan 122 
areas at three time points: 1997, 2050, 2090, assuming either constant population size or that 123 
populations in each city would change according to available projections. A detailed description 124 
of our analytic approach is provided below.   125 
 126 
 127 
2.2) Data Sources: 128 
 129 
2.2.1) Present-day temperature and mortality:  130 
We acquired daily counts of all-ages mortality (excluding external causes) from the National 131 
Center for Health Statistics for a 20-year period centered around 1997 (1985-2006) for the major 132 
city contained within each of the 10 metropolitan areas. In this dataset, each city is defined as the 133 
county or set of counties in which that city is located (see Supplemental Material, Table S1) 134 
(Schwartz et al. 2015, Lee et al. 2014). We obtained daily mean temperature values for each city 135 
from the National Oceanic and Atmospheric Administration (NOAA), as measured at the same 136 
set of airport weather stations used in previous work (Gasparrini et al. 2015). To characterize the 137 
impact of temperature on mortality in the larger metropolitan areas around each of the 10 cities, 138 
we obtained the number of all-ages, all-cause deaths occurring in 1997 for each county in each 139 
metropolitan area from CDC WONDER (US CDC 2000, 2003) and summed them to yield 140 
annual metropolitan area death counts.  141 
 142 
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2.2.2) Temperature projections:  143 
We obtained projections of historical and future daily temperature for each metropolitan area 144 
from the CMIP5 ensemble of coupled ocean-atmosphere circulation models (Maurer et al. 2007) 145 
for time periods centered around 1997 (1992-2002), 2050 (2045-2055), and 2090 (2085-2095) 146 
(see Supplemental Material, Table S2). Specifically, we obtained daily minimum and maximum 147 
temperature projections for the most central 1/8° grid square in each metropolitan area from each 148 
of approximately 40 models from the CMIP5 ensemble. These projections were downscaled 149 
using the bias-correction and constructed analogues approach (Bureau of Reclamation 2013). We 150 
averaged the projected minimum and maximum temperature values to generate projected values 151 
of daily mean temperature.  152 
 153 
CMIP5 temperature projections are available for four Representative Concentration Pathways 154 
(RCPs), which describe potential alternative standardized radiative forcing trajectories across the 155 
21st century due to anticipated greenhouse gas emissions and other factors. This paper follows 156 
the convention of basing analyses on RCPs 4.5 and 8.5, because they represent relatively “better 157 
case” and “worse case” scenarios for future greenhouse gas emissions, respectively (Kingsley et 158 
al. 2016). RCP 4.5 assumes that future policies and technologies will reduce greenhouse gas 159 
emissions, resulting in a 1.8°C increase in the global average temperature by 2100, relative to 160 
1986-2005 (Thomson et al. 2011). On the other hand, RCP 8.5 is characterized by steadily 161 
increasing emissions over time, resulting in a 3.7°C increase in global temperatures by 2100 (van 162 
Vuuren et al. 2011; IPCC 2013). 163 
 164 
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2.2.3) Population data:  165 
For each county contained within the 10 metropolitan areas, we obtained baseline population 166 
estimates for the year 1997 (U.S. Census Bureau 2002) as well as projected future population 167 
estimates for 2050 and 2090 from the U.S. Environmental Protection Agency’s Integrated 168 
Climate and Land-Use (ICLUS) project (U.S. EPA 2010). ICLUS provides projections based on 169 
four different land use scenarios that assume varying degrees of economic development, fertility, 170 
migration, social development, and population density. We chose the B2 scenario, which is 171 
characterized by moderate population growth over the 21st century (Nakicenovic et al. 2000). We 172 
developed population change factors for each county for both 2050 and 2090, defined as the ratio 173 
of projected future county population to 1997 county population.  174 
 175 
 176 
2.3) Statistical Analysis: 177 
 178 
2.3.1) Present-day association between temperature and mortality:  179 
We characterized the present-day relationship between mean daily temperature and mortality in 180 
each city using distributed lag non-linear models with an overdispersed Poisson distribution and 181 
a 21-day lag function, as previously described (Gasparrini et al. 2015a). Briefly, we modeled 182 
mean daily temperature with a quadratic B-spline with three internal knots placed at the 10th, 75th 183 
and 90th percentiles of mean temperature observed in each city, centering the spline at the city-184 
specific MMT. We modeled the lag-response curve for temperature with a natural cubic B-spline 185 
with three knots placed at equally spaced values on the log scale. We controlled for day of week, 186 
federal holidays, and seasonal and long-term time trends (natural cubic spline with 8 degrees of 187 
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freedom per calendar year). Finally, we used the 10 city-specific exposure-response curves to fit 188 
a meta-analytic model, from which we obtained the best linear unbiased prediction (BLUP) of 189 
the association between temperature and mortality for each city. This approach is consistent with 190 
a previous large, international analysis of temperature and mortality (Gasparrini et al. 2015a).   191 
 192 
2.3.2) Calculation of future temperature-related mortality rate:  193 
We estimated the change in the annual temperature-related mortality rate per million people in 194 
2045-2055 and 2085-2095 in each metropolitan area under each RCP. Specifically, we used the 195 
city-specific exposure-response curves in combination with projected temperatures from the 196 
CMIP5 climate models to calculate the fraction of deaths attributable to temperature (Gasparrini 197 
et al. 2014) in three time periods: a baseline time period (1992-2002, hereafter referred to simply 198 
as “1997”) and two future time periods (2045-2055 and 2085-2095, hereafter referred to as 199 
“2050” and “2090”). As we have no information on the association between temperature and 200 
mortality at temperatures higher than the present-day maximum temperature observed in each 201 
city between 1985-2006, we conservatively applied the relative risk of death for those location-202 
specific maximum temperatures to days on which future temperatures are projected to be even 203 
hotter.  204 
 205 
Next, we multiplied the city-specific attributable fraction for each time period by the 1997 206 
mortality rate in its associated metropolitan area. This yields the annual temperature-related 207 
mortality rate in each metropolitan area in 1997, 2050, and 2090. Finally, we subtracted the 208 
temperature-related mortality rate for 1997 from the analogous quantities for 2050 and 2090 to 209 
estimate the change in the temperature-related death rate comparing 2050 and 2090 to 1997 210 
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under each of the two RCPs, assuming all other factors are held constant. As we used climate 211 
model-projected temperatures to calculate the attributable fraction for all three time periods, our 212 
estimates are corrected for any potential differences between climate model projections and 213 
observed temperatures during the baseline period.  214 
 215 
In order to account for uncertainty in both the present-day exposure-response curves and in the 216 
projections of future temperature across different climate models, we calculated the change in the 217 
temperature-related mortality rate 5,000 times for each future decade and RCP, each time using 218 
temperature projections from one climate model randomly selected from the CMIP5 ensemble 219 
and one randomly sampled set of the parameters describing the lagged, nonlinear relationship 220 
between temperature and mortality from each city-specific distributed lag model, assuming a 221 
multivariate normal distribution of those parameters. This latter portion of the calculation, which 222 
allows us to estimate uncertainty in the attributable fraction, has been described more thoroughly 223 
elsewhere (Gasparrini et al. 2014). This approach generated a distribution from which we 224 
estimated 95% empirical confidence intervals (eCIs) for the change in the temperature-related 225 
mortality rate in each metropolitan area.  226 
 227 
We further partitioned these results into the change in the heat-related mortality rate (i.e., deaths 228 
due to temperatures above the location-specific MMT) and the change in the cold-related 229 
mortality rate (i.e., deaths due to temperatures below the location-specific MMT) (Gasparrini et 230 
al. 2014).  231 
 232 
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2.3.3) Calculation of future number of temperature-related deaths:  233 
We used the city-specific attributable fractions described above in combination with the 1997 234 
metropolitan area population sizes to calculate the annual total number of deaths attributable to 235 
temperature in 1997, 2050, and 2090. This approach assumes that no population growth occurs 236 
over the 21st century; thus, any change in the number of temperature-related deaths in 2050 and 237 
2090 compared to 1997 are due solely to changes in daily temperatures. We then performed this 238 
calculation a second time, incorporating the population sizes projected by the ICLUS B2 239 
scenario in each metropolitan area for 2050 and 2090. In this second approach, changes in the 240 
number of temperature-related deaths in 2050 and 2090 relative to 1997 arise from a 241 
combination of projected changes in temperatures and projected changes in population size.   242 
 243 
We conducted all analyses in the R programming language version 3.2.1 (R Development Core 244 
Team 2013), using packages ‘dlnm’ (Gasparrini 2011) and ‘mvmeta’ (Gasparrini et al. 2012).  245 
 246 
 247 
3) Results  248 
 249 
3.1) Present-Day Association Between Temperature and Mortality: 250 
 251 
The association between mean daily temperature and mortality (1985-2006) in each city was U-252 
shaped, with MMTs ranging from 22.8 C in New York to 29.7 C in Houston (see Supplemental 253 
Material, Figure S1). The shape of the city-specific exposure-response curves were similar to 254 
those previously reported for these cities by Gasparrini et al. (2015a) using identical temperature 255 
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and mortality datasets, with small differences versus those previously published arising from the 256 
smaller number of cities contributing to the BLUP in our analysis.  257 
 258 
 259 
3.2) Projected Increase in Temperature and Population Size: 260 
 261 
In each of the 10 metropolitan areas, mean temperatures are projected to increase by 2050, and to 262 
increase further by 2090, with the largest projected increase in temperature observed in Chicago 263 
and smallest observed in Miami. For example, in 2090 under RCP 8.5, the mean projected 264 
change in temperature is 5.8 C (range: 2.5, 8.0C) in Chicago and 3.4 C (range: 1.9, 4.7C) in 265 
Miami. Increases in projected temperatures under the higher greenhouse gas emission RCP 8.5 266 
scenario are larger than under RCP 4.5 in all metropolitan areas. This difference is more 267 
pronounced in 2090 than in 2050 (see Supplemental Material, Table S3). Under the ICLUS B2 268 
scenario, the population size of each metropolitan area is projected to increase over the 21st 269 
century (see Supplemental Material, Table S3). 270 
 271 
 272 
3.3) Projected Temperature-Related Mortality Rates:  273 
 274 
Projected changes in temperature through the end of the century are expected to lead to higher 275 
heat-related mortality rates which may be offset, in whole or in part, offset by lower rates of 276 
cold-related mortality. However, the sign, magnitude, and degree of uncertainty of the net 277 
change in temperature-related mortality rates is expected to vary by location. To illustrate this 278 
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point, Figure 1 shows the projected change in heat-, cold-, and temperature-related mortality 279 
rates in Los Angeles and Boston in both decades and under both RCPs. These quantities are a 280 
function of each metropolitan area’s exposure-response curve, present-day daily mean 281 
temperature distribution, and projected change in temperature through the end of the 21st century, 282 
all of which are also shown in Figure 1. If the 1997 population of Los Angeles were exposed to 283 
the temperatures projected for 2090 under RCP 8.5, we estimate that there would be 747 (95% 284 
eCI: 342, 1144) more heat-related deaths/million and 110 (95% eCI: -216, -19) fewer cold-285 
related deaths/million each year, resulting in an annual net increase of 627 (95% eCI: 239, 1018) 286 
temperature-related deaths/million. In contrast, if the 1997 population of Boston were exposed to 287 
the temperatures projected for 2090 under RCP 8.5, we estimate that there would be 181 (95% 288 
eCI: -172, 539) more heat-related deaths/million but 237 (95% eCI: -396, -102) fewer cold-289 
related deaths/million each year, resulting in an annual net decrease of 59 (95% eCI: -485, 314) 290 
temperature-related deaths/million. However, while the point estimate for the net change in 291 
Boston is negative, the 95% empirical confidence intervals include both positive and negative 292 
values. 293 
 15 
 294 
 295 
Figure 1: Exposure-response curves characterizing the present-day relationship between mean daily temperature and mortality (left), 296 
increase in mean daily temperature projected by the CMIP5 model ensemble (middle), and projected change in the annual heat-297 
related, cold-related, and total temperature-related mortality rate per million people in the Los Angeles and Boston metropolitan 298 
areas in 2050 and 2090 and under two representative concentration pathways (RCP 4.5 and RCP 8.5, right). 299 
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Across the study area, we found that if the 1997 population of each metropolitan area were 300 
exposed to the higher temperatures projected for 2050 and 2090, rates of heat-related mortality 301 
would be higher while rates of cold-related mortality would be lower in each location (Figure 2). 302 
By 2090 under RCP 8.5, we estimate that the projected increase in heat-related mortality rates 303 
will outweigh the projected decreases in cold-related mortality rates in 8 of the 10 metropolitan 304 
areas, leading to net increases in temperature-related mortality. However, the uncertainty varies 305 
across metropolitan areas, and in some locations the 95% empirical confidence intervals for this 306 
change are wide and cross the null line of no change. The most precise projections of future 307 
change in temperature-related mortality rates are evident in the cities with the largest populations 308 
(and hence the most data for estimating the exposure-response functions): New York, Los 309 
Angeles, and Chicago.  310 
 311 
The net change in temperature-related mortality rates in each metropolitan area is projected to be 312 
larger and/or more positive under RCP 8.5 than RCP 4.5. For example, in New York, the 313 
projected change in the annual temperature-related mortality rate is 299 (95% eCI: 48, 593) 314 
deaths/million under RCP 8.5, but only 79 (95% eCI: -19, 225) deaths/million under RCP 4.5. In 315 
Atlanta, we estimate that the temperature-related mortality rate will decrease slightly by 2090 316 
under RCP 4.5, but increase slightly under the hotter temperatures projected by 2090 under RCP 317 
8.5. Additionally, projected changes in temperature-related mortality rates in all 10 metropolitan 318 
areas are projected to be smaller in 2050 than in 2090. In Miami, the 95% empirical confidence 319 
intervals around estimates for both 2050 and 2090 were wide, due to the large number of days 320 
projected to exceed the maximum daily temperature recorded during 1985-2006, where the 321 
exposure-response curve has high uncertainty. 322 
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 323 
Figure 2: Projected change in the annual heat-related, cold-related, and total temperature-related mortality rate in each of 10 324 
metropolitan areas in two future decades (centered at 2050 and 2090) and under two representative concentration pathways (RCP 4.5 325 
and 8.5). 326 
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3.4) Projected Number of Temperature-Related Deaths:  327 
 328 
During the baseline period there were an estimated 58,7 million people living in these 10 329 
metropolitan areas with an estimated 29,115 (95% eCI: 21,957, 36,112) deaths per year 330 
attributable to deviations in daily temperature from the MMT (Table 1). Considering heat-related 331 
and cold-related deaths separately, we found that a substantially larger number of deaths are  332 
attributable to cold than to heat in each city (see Supplemental Material, Table S4).  333 
 334 
Assuming that the population size of each metropolitan area remains at 1997 levels (i.e., holding 335 
all other factors constant), we project that the total number of temperature-related deaths across 336 
these 10 metropolitan areas will increase to 32,285 (95% eCI: 25,315, 39,050) in 2050 and 337 
43,709 (95% eCI: 34,136, 53,242)) in 2090 under RCP 8.5 (Table 1). This net increase across the 338 
10 metropolitan areas considered together occurs as the projected increase in the number of heat-339 
related deaths outweighs the projected decrease in the number of cold-related deaths when 340 
comparing future years to the baseline period (see Supplemental Material, Table S4). 341 
Substantially fewer total temperature-related deaths are projected under the lower greenhouse 342 
gas emission RCP 4.5 scenario versus RCP 8.5. 343 
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   Number of temperature-related deaths per year assuming 1997 population 
remains constant 
Metropolitan area 1997 
Population  
RCP 1997 2050 2090 
Atlanta 3,888,398 4.5 1541 (224, 2753) 1402 (164, 2493) 1410 (151, 2536) 
  8.5 1548 (231, 2757) 1408 (158, 2529) 1616 (-369, 3323) 
Boston 4,302,696 4.5 3696 (1243, 5943) 3445 (1216, 5548) 3389 (1192, 5471) 
  8.5 3690 (1242, 5943) 3399 (1173, 5505) 3408 (754, 5842) 
Chicago 8,862,719 4.5 6134 (2446, 9634) 6479 (2920, 9908) 6816 (3275, 10328) 
  8.5 6126 (2358, 9653) 6813 (3180, 10196) 9170 (4746, 13488) 
Dallas 2,800,670 4.5 649 (-263, 1501) 622 (-252, 1436) 643 (-229, 1450) 
  8.5 654 (-267, 1504) 658 (-227, 1454) 831 (-255, 1811) 
Houston 4,407,210 4.5 1288 (-126, 2587) 1110 (-185, 2282) 1129 (-252, 2413) 
  8.5 1293 (-124, 2598) 1141 (-202, 2394) 1391 (-1363, 3699) 
Los Angeles 11,915,815 4.5 3493 (940, 5860) 4746 (2132, 7307) 5565 (2715, 8529) 
  8.5 3494 (942, 5888) 5630 (2727, 8497) 10988 (5774, 16030) 
Miami 2,158,352 4.5 235 (-773, 1164) 317 (-664, 1247) 338 (-868, 1479) 
  8.5 238 (-775, 1161) 337 (-842, 1405) 415 (-3044, 2846) 
New York 11,737,563 4.5 7132 (2976, 11060) 7754 (3770, 11634) 8172 (4132, 12002) 
  8.5 7133 (2865, 11000) 8145 (4123, 11871) 10725 (6410, 14808) 
Philadelphia 4,018,958 4.5 3199 (1811, 4606) 3079 (1689,  4430) 3064 (1701, 4390) 
  8.5 3206 (1812, 4593) 3086 (1728,  4415) 3198 (1732, 4586) 
Washington, DC 4,602,056 4.5 1877 (-100, 3703) 1781 (-25,  3415) 1813 (29, 3429) 
  8.5 1877 (-121, 3680) 1806 (20,  3426) 2336 (217, 4324) 
Combined 58,694,437 4.5 29144 (21967, 36155)  30688 (23759, 37447) 32208 (25202, 39367) 
  8.5 29115 (21959, 36112) 32285 (25315, 39050) 43709 (34136, 53242) 
 344 
Table 1: Projected number of annual deaths (95% eCI) attributable to temperature in 1997, 2050, and 2090 under two representative 345 
concentration pathways (RCP) in 10 metropolitan areas assuming population size in each metropolitan remains constant at 1997 346 
levels. 347 
 348 
 349 
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The above analysis implausibly assumes that the population size in each metropolitan area will 350 
remain constant at 1997 levels. Accordingly, we next estimated the number of temperature-351 
related deaths in each metropolitan region due to a combination of projected population growth 352 
and projected changes in daily temperature through the end of the century (Table 2). The 353 
combination of population growth and temperature changes are projected to lead to substantially 354 
more heat-related deaths, cold-related deaths, and total temperature-related deaths. Specifically, 355 
we estimate that across these 10 metropolitan areas with a projected combined population size of 356 
128.0 million people in 2090, there will be 63,111 (95% eCI: 48,036, 77,874) deaths annually 357 
attributable to temperature under RCP4.5 and 86,152 (95% eCI: 63,431, 107,419) under RCP 358 
8.5. Compared to 1997, we project that both heat- and cold-related deaths will increase in future 359 
decades (see Supplemental Material, Table S5).  The increase in cold-related mortality occurs as 360 
population growth leads to an increase in the number of people exposed to cold temperatures, 361 
even as the frequency of cold days declines due to climate change. 362 
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  2050  2090 
Metropolitan area RCP Projected  
Population 
Number of annual 
temperature-related 
deaths  
 Projected  
Population 
Number of annual 
temperature-related 
deaths  
Atlanta 4.5 8,919,560 3059 (359, 5441)  12,412,232 4188 (447, 7534) 
 8.5  3072 (345, 5520)   4800 (-1097, 9871) 
Boston 4.5 5,055,378 4042 (1427, 6509)  5,450,975 4289 (1509, 6923) 
 8.5  3987 (1376, 6459)   4313 (954, 7393) 
Chicago 4.5 12,341,415 8697 (3920, 13300)  14,549,152 10627 (5106, 16102) 
 8.5  9146 (4270, 13688)   14296 (7400, 21029) 
Dallas 4.5 5,985,909 1260 (-511, 2909)  8,205,568 1760 (-627, 3967) 
 8.5  1332 (-459, 2945)   2273 (-699, 4955) 
Houston 4.5 7,570,969 1887 (-316, 3882)  9,315,607 2356 (-526, 5037) 
 8.5  1941 (-344, 4072)   2903 (-2847, 7722) 
Los Angeles 4.5 18,333,105 7311 (3284, 11254)  22,938,867 10736 (5237, 16453) 
 8.5  8672 (4200, 13088)   21199 (11139, 30925) 
Miami 4.5 5,615,565 825 (-1728, 3245)  8,921,801 1397 (-3588, 6115) 
 8.5  877 (-2191, 3655)   1714 (-12584, 11766) 
New York 4.5 20,932,311 13809 (6713, 20717)  28,383,887 19734 (9977, 28984) 
 8.5  14505 (7342, 21139)   25898 (15479, 35760) 
Philadelphia 4.5 4,907,115 3716 (2039, 5348)  5,567,612 4174 (2318, 5982) 
 8.5  3725 (2086, 5329)   4358 (2359, 6248) 
Washington, DC 4.5 10,459,279 3462 (-49, 6637)  12,285,684 4087 (65, 7728) 
 8.5  3510 (40, 6659)   5264 (488, 9744) 
Combined 4.5 100,120,606 47940 (36547, 59108)  128,031,385 63111 (48036, 77874) 
 8.5  50506 (39144, 61778)   86152 (63431, 107419) 
 363 
Table 2: Projected annual number of deaths (95% eCI) attributable to temperature in 2050 and 2090 under two representative 364 
concentration pathways (RCP) in 10 metropolitan areas accounting for projected changes in population size. 365 
 366 
 367 
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4) Discussion 368 
 369 
Local officials are best equipped to implement policies that promote resilience against the effects 370 
of climate change projected for their communities. The development of effective adaptation 371 
strategies requires detailed, local information about potential future climate impacts. To provide 372 
evidence to inform local adaptation plans, we estimated the change in heat-related, cold-related, 373 
and total temperature-related mortality rates over the 21st century in each of 10 large US 374 
metropolitan areas under differing assumptions about future greenhouse gas emissions. In 375 
addition, to assist public health planning efforts, we estimated the total number of deaths 376 
attributable to temperature in 1997, 2050, and 2090, first assuming that the population size of 377 
each metropolitan area remains constant at 1997 levels throughout the 21st century, and then 378 
accounting for projected population growth.  379 
 380 
Looking at results from across all 10 metropolitan areas, several patterns emerge. First, we found 381 
that rates of heat-related deaths will increase in all 10 metropolitan areas in 2050 and increase 382 
further in 2090, as compared to 1997. We estimate that the metropolitan area with the largest 383 
increase in heat-related mortality will be Los Angeles, with an additional 747 (95% eCI: 344, 384 
144) heat-related deaths per million people, under the high emissions RCP 8.5 scenario in 2090. 385 
In the absence of population change and holding all other factors constant, we estimate that the 386 
total annual number of heat-related deaths in Los Angeles will increase substantially from 645 387 
(95% eCI: 283, 1068) in 1997 to 9,535 (95% eCI: 4720, 14347) in 2090 under RCP 8.5. Across 388 
all 10 cities and again holding population and all other factors constant, we project that under 389 
RCP 8.5 heat-related deaths will increase from approximately 2,300 annual deaths in 1997 to 390 
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10,304 annual deaths in 2050 and 26,050 annual deaths in 2090. In all metropolitan areas, 391 
estimates for the future number of heat-related deaths were substantially larger after allowing for 392 
projected population changes, due to a large increase in the number of people expected to be 393 
exposed to high ambient temperatures.  394 
 395 
While future heat-related mortality has the potential to be large, there is evidence that the 396 
implementation of heat warning systems, heat response plans, and perhaps other adaptation 397 
measures is beginning to mitigate some of the effects of extreme heat. For example, in Montreal, 398 
the 2004 implementation of a heat action plan that included a warning component was associated 399 
with a decrease in mortality, especially among the elderly (Benmarhnia et al. 2016). The 400 
implementation of heat warning systems may have also played a role in reducing mortality in 401 
other locations, including France (Fouillet et al. 2008) and the United States (Weisskopf et al. 402 
2002). However, while heat warning systems are typically focused on reducing mortality on 403 
extremely hot days, the public health burden of moderate warm temperatures is likely larger than 404 
that of extreme hot temperatures in regions across the globe, including Australia, the United 405 
Kingdom, and the United States (Gasparrini et al. 2015a). Additional research is needed to 406 
identify strategies that are effective in preventing the burden of disease attributable to frequent 407 
days with moderate rather than extreme heat.  408 
 409 
As average temperatures are projected to rise over the course of the century, it is plausible that 410 
many areas could see a decrease in the number of cold-related deaths. Our analysis confirms this 411 
hypothesis: we found that the cold-related death rate per million people is projected to decrease 412 
in each of the 10 metropolitan areas. For example, we estimate that if the 1997 population of 413 
 24 
Atlanta experienced the warmer temperatures projected for 2090, there would be 110 fewer (95% 414 
eCI: -215, -19) deaths per million residents under RCP 8.5, partially offsetting the projected 415 
increase in heat-related deaths. Despite this reduction in the cold-related mortality rate, there will 416 
still be a substantial number of preventable deaths due to cold in future decades. For example, 417 
even assuming no change in population size from 1997 levels, we estimate that there would still 418 
be 977 (95% eCI: -21, 1880) cold-related deaths per year in Atlanta in 2090 under RCP 8.5, 419 
down from an estimated 1543 (95% eCI: 191, 2731) in 1997, but still a substantial number. In 420 
addition, when accounting for future population growth, we project that the absolute number of 421 
cold-related deaths will increase sharply in all study sites in 2050 and 2090, as the number of 422 
people exposed to sub-optimal temperature on either side of the MMT outweighs the decrease in 423 
the cold-related death rate per million people. Thus, preventing cold-related deaths should 424 
remain an important public health goal both now and in the future.  425 
 426 
Considering hot and cold temperatures simultaneously, our results indicate that most 427 
metropolitan areas are expected to experience an increase in temperature-related mortality rates, 428 
as well as a concomitant increase in the annual total number of temperature-related deaths, even 429 
assuming population size remains at 1997 levels. After accounting for projected population 430 
change, we estimate that all 10 metropolitan areas will see an increase in the annual total number 431 
of temperature-related deaths, highlighting the importance of developing and implementing 432 
prevention and response strategies now.  433 
 434 
In each metropolitan area, our results further suggest that adhering to a lower versus higher 435 
greenhouse gas emission scenario (i.e., RCP 4.5 rather than RCP 8.5) would result in smaller 436 
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elevations in average annual temperatures, smaller increases in the heat-related death rate, fewer 437 
heat-related deaths, and smaller increases in the total temperature-related death rate and 438 
temperature-related deaths. This pattern was observed in each metropolitan area and in both 2050 439 
and 2090. For example, assuming that population size in each metropolitan area remains at 1997 440 
levels, across these 10 cities temperature-related deaths would increase from around 29,100 441 
deaths in 1997 to 43,709 deaths in 2090 under RCP 8.5, but a more modest 32,208 temperature-442 
related deaths under RCP 4.5. If causal, these observations suggest that investments in climate 443 
change mitigation strategies that lead to lower greenhouse gas emissions could lead to substantial 444 
health benefits.  445 
 446 
Our results should be interpreted in light of some important limitations. First, while our analysis 447 
is intended to be relevant on a national scale, we did not provide estimates of the change in 448 
temperature-related mortality for every US metropolitan area. However, the 10 metropolitan 449 
areas we selected for inclusion in this study collectively contain almost a quarter of the US 450 
population (U.S. Census Bureau 2002) and encompass both geographic and climatic diversity. 451 
Second, we did not account for changes in population age structure over time, as our mortality 452 
data and population projections were not broken down by age or other demographic 453 
characteristics. Third, we assumed that the rate ratio for the maximum temperature observed 454 
during the baseline period in each metropolitan area would apply to even higher temperatures 455 
projected for the future. This conservative assumption may lead to an underestimate of future 456 
heat-related mortality; however, we believe it this is a reasonable approach in the absence of 457 
information about the relative risk of mortality at very high temperatures. Fourth, we assumed 458 
that the shape of the exposure-response curve for the relationship between temperature and 459 
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mortality stays constant in future decades, equivalent to assuming that there will be no adaptation 460 
to changes in temperature. However, results from studies examining temperature-mortality 461 
relationships over long periods of time reveal an attenuation of the impact of heat on health in 462 
recent years, possibly due to increased adaptation (Åström et al. 2016, Bobb et al. 2014, 463 
Gasparrini et al. 2015b). Thus, future adaptation could result in smaller increases in heat-related 464 
mortality than estimated here. However, it remains uncertain the degree to which adaptation to 465 
heat will continue in the US, where air conditioning prevalence is already very high in much of 466 
the country, especially in urban areas.  467 
 468 
On the other hand, this study also has a number of novel strengths. For example, we incorporated 469 
two key sources of uncertainty into our analysis: variability in projected future temperatures 470 
across the full set of CMIP5 climate models, and uncertainty in the present-day exposure-471 
response curves for the relationship between temperature and mortality. This allows us to more 472 
completely capture the uncertainty in estimates of temperature-related deaths than has been 473 
previously done. Additionally, we provided a detailed assessment of the future risk associated 474 
with exposure to both hot and cold temperatures in each of the 10 metropolitan areas. Previous 475 
work examining the impact of a shifting temperature distribution on both heat-related and cold-476 
related mortality focused on regional trends by clustering large groups of climatologically similar 477 
cities together for analysis (Schwartz et al. 2015). By carrying out our analysis at a finer scale 478 
(i.e., metropolitan areas), we provide evidence of direct relevance to local officials, yet still with 479 
a national scope in order to highlight the importance of this issue across the US.  480 
 481 
 482 
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5) Conclusions 483 
 484 
Using city-specific exposure-response curves, temperature projections from over 40 climate 485 
models, and two greenhouse gas emissions scenarios, we found that rates and absolute numbers 486 
of heat-related deaths are projected to increase in each of the 10 largest US metropolitan areas. 487 
These increases may be partially offset by reductions in rates of cold-related deaths, but the net 488 
change in temperature-related mortality rates is projected to increase by 2090 in 8 out of the 10 489 
metropolitan areas considered. Our results further suggest that many excess temperature-related 490 
deaths may be avoided by transitioning to a lower greenhouse gas emissions trajectory and 491 
highlight the importance of investing in strategies to both mitigate and adapt to rising 492 
temperatures projected through the end of the century. Future studies would benefit from 493 
incorporating a range of assumptions about future adaptation into these estimates, considering 494 
analogous estimates of the change in future temperature-related morbidity (e.g., emergency 495 
department visits, hospitalizations), and calculating the change in disability-adjusted life years 496 
(DALYs) associated with increases in temperature in order to better quantify the health burden of 497 
climate change.   498 
 499 
 500 
Funding Sources: Dr. Weinberger was supported by a postdoctoral fellowship from the Institute 501 
at Brown for Environment and Society. Dr. Gasparrini was supported by Medical Research 502 
Council UK (Grant ID: MR/M022625/1). 503 
 504 
 505 
 28 
Acknowledgements: We acknowledge the World Climate Research Programme’s Working 506 
Group on Coupled Modeling, which is responsible for CMIP, and we thank the climate modeling 507 
groups (listed in Supplemental Material, Table S2 of this paper) for producing and making 508 
available their model output. For CMIP the U.S. Department of Energy’s Program for Climate 509 
Model Diagnosis and Intercomparison provides coordinating support and led development of 510 
software infrastructure in partnership with the Global Organization for Earth System Science 511 
Portals.  512 
 513 
 514 
References 515 
 516 
Åström DO, Tornevi A, Ebi KL, Rocklöv J, Forsberg B. 2016. Evolution of minimum mortality 517 
temperature in Stockholm, Sweden, 1901-2009. Environmental Health Perspectives 124(6): 740-518 
744.  519 
 520 
Benmarhnia T, Bailey Z, Kaiser D, Auger N, King N, Kaufman JS. 2016. A difference-in-521 
differences approach to assess the effect of a heat action plan on heat-related mortality, and 522 
differences in effectiveness according to sex, age, and socioeconomic status (Montreal, Quebec). 523 
Environmental Health Perspectives 124(11): 1694-1699.  524 
 525 
Bobb JF, Peng RD, Bell ML, Dominici F. 2014. Heat-related mortality and adaptation to heat in 526 
the United States. Environmental Health Perspectives 122(8): 811-816.  527 
 528 
 29 
Bureau of Reclamation. “Downscaled CMIP3 and CMIP5 Climate and Hydrology Projections: 529 
Release of Downscaled CMIP5 Climate Projections, Comparison with Preceding Information, 530 
and Summary of Users Needs.” In: U.S. Department of the Interior, Bureau of Reclamation, 531 
Technical Services Center, eds. Denver, Colorado, 2013.   532 
 533 
Fouillet A, Rey G, Wagner V, Laaidi K, Empereur-Bissonnet P, Le Tertre A, et al. 2008. Has the 534 
impact of heat waves on mortality changed in France since the European heat wave of summer 535 
2003? A study of the 2006 heat wave. Int J Epidemiol 37(2): 309-317.  536 
 537 
Gasparrini A. 2011. Distributed lag linear and non-linear models in R: the package dlnm. Journal 538 
of Statistical Software 43(8): 1-20.  539 
 540 
Gasparrini A, Armstrong B, Kenward, MG. 2012. Multivariate meta-analysis for non-linear and 541 
other multi-parameter associations. Statistics in Medicine 31(29): 3821-3839.  542 
 543 
Gasparrini A, Guo Y, Hashizume M, Lavigne E, Zanobetti A, Schwartz J, et al. 2015a. Mortality 544 
risk attributable to high and low ambient temperature: a multicountry observational study. The 545 
Lancet 386: 369-375. 546 
 547 
Gasparrini A, Guo Y, Hashizume M, Kinney PL, Petkova EP, Lavigne E, et al. 2015b. Temporal 548 
variation in heat-mortality associations: a multicountry study. Environmental Health Perspectives 549 
123: 1200-1207. 550 
 551 
 30 
Gasparrini A, Leone M. 2014. Attributable risk from distributed lag models. BMC Med Res 552 
Methodol 14: 55. 553 
 554 
Guo Y, Gasparrini A, Armstrong B, Li S, Tawatsupa B, Tobias A, Lavigne E, et al. 2014. Global 555 
variation in the effects of ambient temperature on mortality: a systematic evaluation. 556 
Epidemiology 25(6):781-9. 557 
 558 
Guo Y, Li S, Liu de L, Chen D, Williams G, Tong S. 2016. Projecting future temperature-related 559 
mortality in three largest Australian cities. Environmental Pollution 208: 66–73. 560 
 561 
Hajat S, Vardoulakis S, Heaviside C, Eggen B. 2014. Climate change effects on human health: 562 
projections of temperature-related mortality for the UK during the 2020s, 2050s and 2080s. 563 
Journal of Epidemiology and Community Health 68: 641-648. 564 
 565 
Huynen MM, Martens P. 2015. Climate change effects on heat- and cold-related mortality in the 566 
Netherlands: a scenario-based integrated environmental health impact assessment. Int J Environ 567 
Public Health. 12(10): 13295-13320.  568 
 569 
Intergovernmental Panel on Climate Change (IPCC). “Climate Change 2013: The Physical 570 
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 571 
Intergovernmental Panel on Climate Change.” In: Stocker TF, Qin D, Plattner GK, Tignor M, 572 
Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM, eds. Cambridge, United Kingdom 573 
and New York, NY, USA: Cambridge University Press, 2013. 574 
 31 
 575 
Kingsley SL, Eliot MN, Gold J, Vanderslice RR, Wellenius GA. 2016. Current and projected 576 
heat-related morbidity and mortality in Rhode Island. Environmental Health Perspectives 124 577 
(4): 460-7. 578 
 579 
Knowlton K, Lynn B, Goldberg RA, Rosenzweig C, Hogrefe C, Rosenthal JK, Kinney PL. 2007. 580 
Projecting heat-related mortality impacts under a changing climate in the New York City region. 581 
Am J Public Health 97(11): 2028-34. 582 
 583 
Lee M, Nordio F, Zanobetti A, Kinney P, Vautard R, Schwartz J. 2014. Acclimatization across 584 
space and time in the effects of temperature on mortality: a time-series analysis. Environmental 585 
Health 13: 89.  586 
 587 
Li T, Horton RM, Kinney P. 2013. Future projections of seasonal patterns in temperature-related 588 
deaths for Manhattan. Nature Climate Change 3: 717-721. 589 
 590 
Martin SL, Cakmak S, Hebbern CA, Avramescu ML, Tremblay N. 2012. Climate change and 591 
future temperature-related mortality in 15 Canadian cities. International Journal of 592 
Biometeorology 56(4): 605–619. 593 
 594 
Maurer EP, Brekke L, Pruitt T, Duffy PB. 2007. Fine-resolution climate projections enhance 595 
regional climate change impact studies.” Eos Trans AGU 88(47): 504. 596 
 597 
 32 
Medina-Ramon M, Schwartz J. 2007. Temperature, temperature extremes, and mortality: a study 598 
of acclimatisation and effect modification in 50 US cities. Occup Environ Med 64(12):827-33. 599 
 600 
Mills D, Schwartz J, Lee M, Sarofim M, Jones R, Lawson M, et al. 2015. Climate change 601 
impacts on extreme temperature mortality in select metropolitan areas in the United States.  602 
Climatic Change 131: 83-95. 603 
 604 
Nakicenovic N, Alcamo J, Davis G, de Vries B, Fenhann J, Gaffin S. 2000. “Special Report on 605 
Emissions Scenarios: A Special Report of Working Group III of the Intergovernmental Panel on 606 
Climate Change.” Cambridge University Press, Cambridge, U.K. Available: 607 
http://www.grida.no/climate/ipcc/emission/index.htm 608 
 609 
Ostro B, Barrera-Gomez J, Ballester J, Basagana X, Sunyer J. 2012. The impact of future 610 
summer temperature on public health in Barcelona and Catalonia, Spain. Int J Biometeorol 611 
56(6): 1135-44. 612 
 613 
Peng RD, Bobb JF, Tebaldi C, McDaniel L, Bell ML, Dominici F. 2011. Toward a quantitative 614 
estimate of future heat wave mortality under global climate change. Environ Health Perspect 615 
119(5): 701-6. 616 
 617 
R Development Core Team. 2013. R: A language and environment for statistical computing. 618 
Vienna, Austria: R Foundation for Statistical Computing.  619 
 620 
 33 
Schwartz JD, Lee M, Kinney PL, Yang S, Mills D, Sarofim MC, et al. 2015. Projections of 621 
temperature-attributable premature deaths in 209 U.S. cities using a cluster-based Poisson 622 
approach. Environmental Health 14(6): 85-99. 623 
 624 
Taylor KE, Stouffer RJ, Meehl GA. 2012. An overview of CMIP5 and the experiment design. 625 
Bulletin of the American Meteorological Society 93: 485-498. 626 
 627 
Thomson AM, Calvin KV, Smith SJ, Kyle GP, Volke A, Patel P, et al. 2011. RCP4.5: a pathway 628 
for stabilization of radiative forcing by 2100. Climatic Change 109: 77-94. 629 
 630 
U.S. Census Bureau. 2002. “State and County Intercensal Tables: 1990-2000.” Available: 631 
https://www.census.gov/data/tables/time-series/demo/popest/intercensal-1990-2000-state-and-632 
county-totals.html. Accessed January 2015.  633 
 634 
U.S. Census Bureau. 2012. “Growth in Urban Population Outpaces Rest of Nation, Census 635 
Bureau Reports.” Available: 636 
https://www.census.gov/newsroom/releases/archives/2010_census/cb12-50.html.  637 
 638 
U.S. Centers for Disease Control and Prevention (CDC), National Center for Health Statistics. 639 
“Compressed Mortality File 1979-1998.” CDC WONDER Online Database, compiled from 640 
Compressed Mortality File CMF 1968-1988, Series 20, No. 2A, 2000 and CMF 1989-1998, 641 
Series 20, No. 2E, 2003. Available: https://wonder.cdc.gov/cmf-icd9.html. Accessed January 642 
2015.  643 
 34 
 644 
U.S. Department of the Interior, Bureau of Reclamation. 2013. “Downscaled CMIP3 and CMIP5 645 
Climate and Hydrology Projections.” Denver, CO. 646 
 647 
U.S. Environmental Protection Agency (EPA). 2010. ICLUS Tools and Datasets (Version 1.3.2). 648 
U.S. Environmental Protection Agency, Washington, DC, EPA/600/R-09/143F. 649 
 650 
van Vuuren DP, Edmonds J, Kainuma M, Riahi K, Thomson A, Hibbard K, et al. 2011. “The 651 
representative concentration pathways: an overview.” Climatic Change 109: 5-31. 652 
 653 
Vardoulakis S, Dear K, Hajat S, Heaviside C, Eggen B, McMichael AJ. 2014. Comparative 654 
assessment of the effects of climate change on heat- and cold-related mortality in the United 655 
Kingdom and Australia. Environmental Health Perspectives 122: 1285-1292. 656 
 657 
Weisskopf MG, Anderson HA, Foldy S, Hanrahan LP, Blair K, Török TJ, Rumm PD. 2002. Heat 658 
wave morbidity and mortality, Milwaukee, Wis, 1999 vs 1995: an improved response? Am J 659 
Public Health 92(5): 830-833.  660 
